We have studied the interaction of purified viral particles with liposomes as a model to understand the mechanism of entry of rotavirus into the cell. Liposomes, made from pure as well as mixed lipids, that contained encapsulated self-quenching concentrations of the fluorophore carboxyfluorescein (CF) were used. Rotavirusliposome interactions were studied from the fluorescence dequenching of CF resulting from its release to the bulk solution. Purified infectious double-shelled virus particles induced a concentration-and temperature-dependent release of CF. The rate and extent of CF release was maximum between pH 7.3 and 7.6. The removal of outer structural proteins VP4 and VP7 from virus, which results in the formation of single-shelled particles, prevented virus interaction with liposomes. Rotavirus particles with uncleaved VP4 did not interact with liposomes, but treatment in situ of these particles with trypsin restored the interaction with the liposomes and resulted in CF dequenching. Our data support the view that rotavirus enters the cell through direct penetration of the plasma membrane. In contrast, adenovirus, the only other nonenveloped virus studied by this method, shows the optimum rate of marker release from liposomes at around pH 6 (R. Blumenthal, P. S. Seth, M. C. Willingham, and I. Pastan, Biochemistry 25:2231-2237 , 1986 ). The interaction between rotavirus and liposomes is sensitive to specific divalent metal ions, unlike the adenovirus-liposome interaction, which is independent of them.
Rotaviruses are the major cause of acute gastroenteritis in a variety of avian and mammalian species, including humans. These nonenveloped viruses belong to the Reoviridae family and have a complex icosahedral structure with a double-shelled (DS) capsid. The inner core contains a double-stranded and segmented RNA genome. Of the two proteins, VP4 and VP7, which make up the outer protein shell of the virus, the former has been mostly implicated in binding to the recipient cell surface (5) . Cryoelectron microscopy has shown that rotavirus VP4 protein forms a spikelike structure which extends beyond the virus surface (15, 16) .
The pathway by which rotaviruses enter the cells is under investigation. From ultrastructural studies, Quan and Doane (17) and Petrie et al. (14) have shown that simian rotavirus SAl enters MA104 cells through coated pits and coated vesicles, which indicated a receptor-mediated endocytosis of the virus. The same conclusion was reached by Ludert et al. (11) by biochemical and ultrastructural studies. However, Suzuki et al. (23) concluded from electron microscopy studies that infectious particles enter the cell by direct penetration through the plasma membrane. Later biochemical studies by the same laboratory and by Kaljot et al. (7) have shown that lysosomotropic reagents do not affect the infectivity of trypsinized DS rotavirus. They also concluded that untrypsinized DS virus enters the cell through receptormediated endocytosis, remains in the endosomal compartment, and does not multiply. Kaljot et al. (7) have further shown that trypsin cleavage of the protein VP4 initiates cell membrane penetration and that this process can be blocked by neutralizing antibodies against this protein.
Liposomes have been used as a model to understand the fusion processes of many enveloped viruses (10, 24) and biological membranes. Fusion between enveloped viruses and liposomes has been studied by monitoring the release of a fluorescent marker encapsulated into liposomes as a func-* Corresponding author. tion of pH. This analysis has helped in delineating the possible mode of entry of these viruses into the cell. Adenovirus, the only nonenveloped virus studied so far by this method (1), shows a maximum rate of fluorophor release at acidic pH, indicating an endosomal pathway of viral entry into the cell. This mode of entry was observed earlier in biochemical and ultrastructural studies of infected cells (21) . In this study, we investigated the release of encapsulated 6-carboxyfluorescein (CF) from small unilamellar liposomes as a function of pH, temperature, and other variables to characterize the interaction of purified rotavirus particles with a model membrane.
MATERIALS AND METHODS
Virus. Bovine rotavirus (RF strain) was cultivated in MA104 cells. Usually cells were infected at a low multiplicity of infection (0.1 PFU per cell), and the medium was supplemented with trypsin (0.44 ,ug/ml) to enhance viral multiplication. Virus was collected 48 to 72 h postinfection. Untrypsinized virus was produced by infecting MA104 cells at a high multiplicity of infection (5 PFU per cell) with addition of aprotinin (1 ,ug/ml) to the medium. In that case, the virus was collected 24 h postinfection. Infected cells were disrupted by freezing, and virus was extracted with Freon 113 and purified by a CsCl density gradient as previously described (3) . Bands corresponding to complete particles (DS; density, 1.36 g/ml) or to incomplete particles (single shelled [SS] ; density, 1.38 g/ml) were collected and purified again by a CsCl density gradient. The protein composition and purity of each type of particles were verified by use of polyacrylamide and Tris-glycine-agarose gels (9) . SS, untrypsinized DS (UDS), and DS particles were stored at -4'C in the CsCl solution. Before use, these preparations were desalted by a spun column of Sephadex G-25 equilibrated in 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-50 mM NaCl, pH 6 (1, 19) that both enveloped and nonenveloped viruses induce leakage of the encapsulated dye independently of the liposome size. Liposomes encapsulating CF were separated from free CF by eluting the mixture through small Sepharose CL-4B columns equilibrated with 145 mM NaCl-10 mM HEPES, pH 7.4 (1).
Fluorescence measurement. The release of CF after addition of rotavirus particles was monitored by the increase of fluorescence at 520 nm, using a 496-nm exciting band in a Jasco FP770 spectrofluorimeter fitted with a circulating water bath to maintain the desired temperature. A small volume of liposomes (1 ,ul) was added to 1.2 ml of 10 mM HEPES buffer (pH 7.4) containing 145 mM NaCl, and then small volumes of virus particles (usually 3 ,ul of a 0.3-mg/ml suspension) were added. The value for 100% release of the encapsulated dye was obtained by the addition of Triton X-100 (final concentration, 20 mM) after the end of the reaction. The percentage of CF release induced by virus particles was calculated by using the following formula: percentage of CF release = 100(F, -FO)I(FT-FO), where FO is the fluorescence at t = 0, F, is fluorescence at time t, and FT is fluorescence after addition of Triton X-100. The rate constant of dye release was obtained from plotting log (F, -FO) as a function of time after the initial lag period. RESULTS CF release from liposomes by DS particles. Addition of purified bovine (RF strain) rotavirus DS particles to liposomes loaded with CF induced an increase in fluorescence as a function of time (Fig. 1) . The reaction was characterized by an early lag phase, probably arising from formation of lytic complex (1), followed by an increase in CF fluorescence due to its leakage from liposomes. This increase in fluorescence followed first-order kinetics. This effect was observed with the various kinds of liposomes tested (PC; PC-Ch; PS and PC-PS-Ch), and it was found to be specific for the type of viral particles used. Addition of either SS particles or UDS particles did not induce any release of encapsulated CF from liposomes ( Fig. 1) .
Effect of pH. The effect of addition of DS rotavirus particles on the release of the encapsulated CF in PC-Ch and PC liposomes at different pHs is shown in Fig. 2 . At 35.4°C, the maximum rate and extent of release was observed between pH 7.3 and 7.6. The variation of the first-order rate constant of the CF release as a function of pH is shown in Fig. 3 higher pH values between 7.5 and 7.8. In addition, with these latter liposomes, the rate constants were faster and the kinetics of release showed biphasic behavior: the initial faster rate was followed by a slower rate of CF release (data not shown). The incubation of UDS and SS particles with PC-Ch liposomes at pH 6 did not result in fluorescent dye release.
Effect of virus concentration. The liposome leakage was dependent on the virus concentration. Significant CF release was observed with as little as 300 ng of purified DS particles. The apparent rate of marker release increased with an increase of the particle concentration (Fig. 4) . The secondorder rate constant, obtained after dividing the observed rate of marker release by virus concentration, showed a constant value for low concentrations of virus up to 1.3 ,ug/ml. At a higher virus concentration (2.6 ,ug/ml), the bimolecular rate constant decreased by 30%. Similar results were obtained with PC liposomes. This finding probably indicates that virus-virus interactions leading to aggregation competed with virus-liposome interaction. Keeping the virus concentration constant (1 ,ug/ml) and changing the liposome concentration from approximately 0.7 ,ug/ml to 2.2 ,ug/ml did not change the rate and the extent of the dye release to a great extent. Control experiments using a constant amount of CF with virus up to 2.6 ,ug/ml did not reduce the fluorescence, indicating that the decrease of fluorescence did not result from a reduction of the intensity of exciting and emitting light (data not shown).
Effect of temperature. Effect of divalent metal ions on CF release. The influence of metal ion on the rate of CF leakage from liposomes is shown in Fig. 6 . Calcium ion at 1 mM completely prevented the J. VIROL. leakage of CF from the liposomes, as did 1 mM Sr2+. CaCl2 at 90 ,uM reduced the rate of leakage by 1/10 of the control rate (data not shown). MgCl2 at 1 mM did not influence the rate of CF release, whereas ZnCl2 at a similar concentration had a small effect on the marker release by DS particles. Addition of EDTA to the liposome-DS particle mixture had no effect on the release of CF from the liposomes (data not shown). SS as well as UDS particles did not induce CF release in the presence of either metal ions or EDTA.
In situ trypsinization of UDS particles. Incubation of liposomes with trypsin followed by the addition of UDS particles induced CF leakage, whereas addition of trypsin alone (up to 5 p.g/ml) to liposomes did not induce release of the marker.
Release of the marker was dependent on the trypsin concentration used (Fig. 7) . Addition of trypsin at 2.8 ,ug/ml to UDS particles resulted in a rate and extent of marker release from liposomes similar to those observed after the addition of DS particles at the same protein concentration. At higher trypsin concentrations, the rate and extent of CF release decreased. maximum rate of release of the encapsulated CF takes place between pH 7.3 and 7.8. These results showed that rotavirus enters the cell through direct plasma membrane penetration and are in agreement with recent evidence that infectious rotavirus enters the cell through the plasma membrane and not by endocytosis (4) (5) (6) (7) 23) . Adenovirus, the only other nonenveloped virus studied by the method used here, showed a pH optimum for marker release at around a value of 6 (1). This finding, along with earlier biochemical and ultrastructural results, indicates that adenovirus gains access to the cytoplasm by disruption of the membrane of endocytic vesicles, after its entry into the cell by receptor-mediated endocytosis (21). Kaljot et al. (7) reasoned that interaction of DS rotavirus would change the permeability of the cell plasma membrane, which was substantiated by their observation of increased permeability of rotavirus-infected MA104 cells to low-molecular-weight substances. In line with the proposition by Suzuki et al. (23) suggested the possibility of pore formation in the plasma membrane after trypsinized rotavirus interacts with the cell.
Enhancement of the infectivity of UDS particles by trypsin cleavage of rotavirus surface protein(s) could be compared with proteolytic activation of orthomyxoviruses, paramyxoviruses, and some retroviruses (13, 25) . It is known that trypsin cleaves the rotavirus outer shell protein VP4 into two fragments, VP8* and VP5*. These two fragments as well as VP7, which is not affected by trypsin treatment, remain associated with the viral particle. A recent study suggests that VP8* is implicated in the cell receptorvirus binding and that VP5* is the fragment which interacts with the membrane for viral entry (18) . Trypsin cleavage of VP4 probably makes hydrophobic regions of the cleaved VP5 fragments more accessible for membrane interaction. In this context, it is interesting to note that the region of VP5* between residues 385 and 404, distinct from the trypsin (8, 20) . Results obtained in this study with UDS would indicate that rotavirus infectivity enhancement by trypsin treatment is probably related to the penetration step and not to the primary interaction between the cell and the virus; they are consistent with previous results indicating that cleavage of VP4 enhances penetration but not binding to the cell (2, 5) . The inability of SS particles to release the marker from liposomes confirms that outer shell proteins are responsible for virus-liposome as well as virus-cell interactions.
The values for the activation energy of the rotavirus DS particle-liposome interaction are 7 and 19 kcal/mol in temperature ranges below and above 28°C. Such values are not available for adenovirus liposomes interaction for comparison. However, enveloped Sendai virus, which enters the cell through plasma membrane penetration, yields 12 and 25 kCal/mol as activation energy for interaction with liposomes at pH 7.4 in these temperature ranges (24) .
Low concentrations of EDTA at neutral and higher pHs result in solubilization of outer shell proteins and formation of SS particles (3). Therefore, our results showing CF release by DS particles in the presence of EDTA suggest that soluble VP4 fragments are still capable of inducing the marker release from liposomes at rates and extents comparable to those of intact DS particles. This is in contrast to results for adenovirus, in which dissociated capsid proteins did not induce any marker release (1) .
The difference between the effects of divalent ions in the DS particle-liposome interaction is striking. A millimolar concentration of Ca2+ completely prevents the rotavirusinduced CF release from liposomes. Sr2+ ion, which resembles Ca2+ ion in most of its protein-binding properties and stabilizes the outer capsid of rotavirus as Ca + does (22) , had exactly the same effect as did Ca2 . On the other hand,
